INTRODUCTION
============

RNA folds into well-defined tertiary structures that lead to diverse functions including regulation of gene expression ([@B1; @B2; @B3]), cellular localization ([@B4]), catalysis ([@B5; @B6; @B7; @B8; @B9; @B10]) and serving as a structural scaffold ([@B11],[@B12]). In many cases, misfolding of an RNA leads to functional incompetence. For example, misfolding leads to catalytic inactivity in group I introns ([@B13; @B14; @B15; @B16; @B17]) and RNase P RNAs ([@B18; @B19; @B20]), and to the inability of rRNAs to form scaffolds for ribosomal assembly ([@B21; @B22; @B23; @B24]). Thus, determination of the secondary and tertiary structure of an RNA and how structure affects function is important not only in order to understand biological function but also to understand how to modulate it.

RNA tertiary structure is a composite of secondary structure elements such as paired regions and various types of single-stranded regions (internal loops, hairpin loops, bulges and multibranch loops). Approximately 46% of the bases in RNA are unpaired or non-canonically paired ([@B25]). Often these sites are of functional importance---forming tertiary contacts ([@B26; @B27; @B28]), forming scaffolds for binding of other biomolecules ([@B29],[@B30]) and metabolites ([@B2],[@B3],[@B31],[@B32]) and direct involvement in catalysis ([@B8]).

Despite the importance of RNA structure in cellular processes, there are relatively few NMR and X-ray crystal structures of RNA in the Protein Data Bank (PDB; <http://www.pdb.org>) ([@B33]) when compared to available protein structures. This is due to inherent difficulty in crystallizing RNA and the overlapping signals in NMR spectra of nucleic acids. Fortunately, RNA secondary structure can be predicted accurately from sequence by free energy minimization or phylogenetic comparison, and there are a variety of experimental methods that can be used to improve prediction. The program RNAstructure ([@B34],[@B35]) uses free energy minimization to predict an ensemble of possible secondary structures for a given RNA sequence. On average, the lowest free energy structure outputted by the program contains 73% of the base pairs predicted correctly. In an ensemble of 1000 suboptimal structures within 10% free energy of the lowest free energy structure, one structure has at least 87% of the base pairs predicted correctly ([@B35]). Experimental constraints aid in selection of that structure. The secondary structure then constrains the possible tertiary structures the RNA can adopt. In fact, a recently reported program uses secondary structures as an essential starting point to predict tertiary structures ([@B36]).

Insights into RNA secondary and tertiary structure can be gained by chemical modification and enzymatic mapping. In some cases, chemical modification and enzymatic mapping are conducted under conditions very different from those inside a cell. Such divergence could cause the RNA to fold into a non-native form, creating problems when trying to estimate *in vivo* structure. An alternative approach is to generate secondary structure constraints using a library of DNA oligonucleotides and RNase H, which cleaves DNA/RNA hybrids under a wide variety of conditions at pH 7 ([Figure 1](#F1){ref-type="fig"}) ([@B37]). Previously, RNase H cleavage induced by binding of semi- ([@B38],[@B39]) and fully randomized DNA libraries ([@B40],[@B41]), semi-randomized DNA/2′--*O*--methyl RNA chimeras ([@B42],[@B43]) and partially randomized tethered oligonucleotides ([@B44]) to RNAs have been used to design antisense oligonucleotides. In addition, designed oligonucleotides probes and RNase H cleavage have been used to identify accessible binding sites in whole cell extracts ([@B45]) and to study RNA folding pathways ([@B20],[@B46]). Figure 1.Schematic of the general method used in this study. Randomized DNA oligonucleotides are incubated with an RNA of interest. Only DNAs complementary to single-stranded regions bind, inducing RNase H cleavage of the RNA strand. Nucleotides which are subject to RNase H cleavage are used as single-stranded constraints in RNA secondary structure prediction.

Herein, we describe a facile method to generate secondary structure constraints by identifying nucleotides that are subject to RNase H cleavage when bound to a member of fully randomized DNA libraries of different lengths ([Figure 1](#F1){ref-type="fig"}). This method was applied to the 5S rRNA from *Escherichia coli* and yeast tRNA^Phe^. The secondary structure of the 5S rRNA is poorly predicted by free energy minimization (27% of base pairs) while the tRNA is well predicted (95% of base pairs). The single-stranded constraints generated by RNase H cleavage improved the prediction of the 5S rRNA (only the phylogenetic structure is predicted) while the accuracy of prediction for the tRNA is unchanged. The single-stranded constraints for the tRNA, however, eliminate all other suboptimal structures that ranged in accuracy from 29 to 76%. This method not only generates secondary structure restraints but also identifies accessible binding sites within an RNA that may be appropriate for design of antisense oligonucleotides or small molecules that modulate RNA function.

MATERIALS AND METHODS
=====================

General
-------

All experiments were completed with diethyl pyrocarbonate (DEPC) -treated nanopure water. Randomized oligonucleotides were purchased from Integrated DNA Technologies. Yeast tRNA^Phe^ was purchased from Sigma Aldrich.

RNA secondary structure prediction
----------------------------------

All secondary structures ([Figures 2](#F2){ref-type="fig"} and [4](#F4){ref-type="fig"}) were predicted using the RNAstructure program (version 4.5 or 4.6) ([@B34],[@B35]) and the following suboptimal structure parameters: max. % energy difference = 10, max. no. of structures = 20, window size = 3. These parameters were chosen such that no more than five structures were generated in order to simplify design of single sequences. It is assumed that a DNA oligonucleotide is unable to significantly invade fully paired RNA helices. Nucleotides where cleavage occurred were constrained as single-stranded in secondary structure predictions. Figure 2.Phylogenetic secondary structure, the predicted lowest free energy secondary structure, and the four suboptimal structures of *E. coli* 5S rRNA. Loops A--E are labeled in the phylogenetic structure. Base-paired regions that are predicted correctly in the suboptimal structures are shaded. Nucleotides cleaved by RNase H cleavage are circled. The lowest free energy structure only has 27% of the base pairs present in the phylogenetic structure.

OligoWalk
---------

The Δ*G*°~binding~ values for oligonucleotides binding to the phylogenetic structures, lowest free energy structures and suboptimal structures ([Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}) were predicted using the OligoWalk program ([@B47],[@B48]), which is part of RNAstructure. The following parameters were used: Mode = Break Local Structure; Oligo Length = 5, 6, 7 or 8; Oligo Concentration = 5 µM (Δ*G*°~binding~ values are independent of concentration); Oligomer Chemistry = DNA; and Target Structure Limits for Walk: Start = 1 and Stop = 120. Table 1.Oligonucleotide sequences and binding free energies to the phylogenetic structure, lowest free energy structure and two suboptimal structuresOligonucleotide sequenceBinding siteΔ*G*°~binding~ to phylogenetic structure (kcal/mol)Δ*G*°~binding~ to lowest fee energy structure (kcal/mol)Δ*G*°~binding~ to suboptimal structure \#1 (kcal/mol)Δ*G*°~binding~ to suboptimal structure \#2 (kcal/mol)Δ*G*°~binding~ to suboptimal structure \#3 (kcal/mol)Δ*G*°~binding~ to suboptimal structure \#4 (kcal/mol)RNase H cleavage observed using a single sequence?RNase H cleavage observed in this region using randomized oligonucleotides?5-mers  GTTTC56--604.13.21.7--0.4--1.93.9NoNo  ATCGG70--741.0--0.53.21.1--0.53.4NoNo6-mers  GGGACC23--28--0.2--3.5--3.52.12.12.1NoYes  ACTTCT50--545.5--2.33.1--3.5--3.5--3.5NoNo  CTACCA74--792.110.02.52.19.70.2NoNo  CTCTCG97--1022.2--0.3--0.32.29.2--0.3NoNo7-mers  GCCAGGC2--815.615.615.615.615.615.6NoNo  AGGTGGG26--32--0.31.71.7--4.0--2.3--4.0NoNo  CGGCATG38--44--6.44.94.02.63.32.6YesYes  AGTTCGG42--48--4.71.00.3--0.15.40.2YesYes8-mers  CATGGGGT34--41--7.414.514.510.04.810.0YesYes[^1] Table 2.Positions of RNase H cleavage of yeast tRNA^Phe^ with randomized 5-mer oligonucleotides after a 1 or 2 h incubation and the corresponding Δ*G*°~binding~ values for the phylogenetic and suboptimal structuresCleavage positionPhylogenetic structure Δ*G*°~binding~ (kcal/mol)Suboptimal structure \#2 Δ*G*°~binding~ (kcal/mol)Suboptimal structure \#3 Δ*G*°~binding~ (kcal/mol)Suboptimal structure \#4 Δ*G*°~binding~ (kcal/mol)18−4.12.9−4.11.719−5.20.4−5.20.620−1.1−2.0−1.16.9212.0−0.42.06.334−1.910.1−1.33.735−2.28.6−2.2−0.436−1.99.2−1.9−1.945−0.11.75.82.6482.18.83.89.656−1.2−1.24.46.458−1.9−1.93.17.4590.50.52.75.7[^2]

Preparation of *E. coli* 5S rRNA
--------------------------------

The *E. coli* 5S rRNA was prepared by overexpression from the pKK5-1 plasmid as previously reported ([@B49]), with the following modifications. The 5S rRNA was isolated by gel purification on a denaturing 8% polyacrylamide gel. The RNA was visualized by UV-shadowing, excised and extracted into 300 mM NaCl by tumbling overnight at 4°C. RNA was concentrated with 2-butanol and ethanol precipitated. Concentration was determined by measuring the absorbance at 260 nm and the corresponding extinction coefficient (1.19 × 10^6^ M^--1^ cm^--1^). The extinction coefficient was determined by the HyTher program ([@B50]), which is based on nearest neighbor parameters ([@B51]).

5′-End labeling of RNAs
-----------------------

The 5S rRNA and tRNA^Phe^ were 5′-end labeled with \[γ-^32^P\]ATP (PerkinElmer) and T4 polynucleotide kinase (New England BioLabs) as previously described ([@B52]). The RNA was purified and extracted as described above except the gel was exposed to a phosphor screen to visualize the RNA.

Design of DNA oligonucleotides for RNase H cleavage of *E. coli* 5S rRNA
------------------------------------------------------------------------

Using the phylogenetic secondary structure of *E. coli* 5S rRNA and the secondary structures predicted by RNAstructure, DNA oligonucleotides were designed to distinguish between them. Negative controls were also designed that bind to a region that is double stranded in the phylogenetic structure and the predicted structures. These predictions were confirmed using OligoWalk.

RNase H cleavage experiments
----------------------------

The *E. coli* 5S rRNA was folded into Form A ([@B53]) in 50 µl of 1× assay buffer (150 mM NaCl, 4 mM MgCl~2~, 10 mM Tris--HCl, pH 7.4) by heating at 65°C for 5 min and slow cooling (∼0.5°C/min) to 37°C ([@B53],[@B54]). For digestions using single sequences, DNA and DTT were added to final concentrations of 5 µM and 10 mM, respectively. For digestions with the randomized oligonucleotides, a final DNA concentration of 3.25 µM each possible 5-mer, 815 nM each possible 6-mer or 200 nM each possible 7-mer, and 10 mM DTT were used in a total volume of 150 µl. The RNA and DNA oligonucleotides were incubated for 15 min at 37°C. Then, 5 µl (5 units/µl) RNase H (New England BioLabs) were added, and the samples were incubated at 37°C for 10 h. The samples were ethanol precipitated and resuspended in 1× loading buffer (1 mM Tris, pH 7, 3.5 M urea and 1 mM EDTA). The products were separated on a denaturing 8% polyacrylamide gel. The gels were dried and exposed to a phosphor screen. Images were collected using a BioRad FX imaging system.

Yeast tRNA^Phe^ was folded by heating at 95°C for 3 min in 1× assay buffer without MgCl~2~ and then placing the sample on ice for 10 min. Then, 10 mM MgCl~2~ and 200 nM final concentration of each possible 5-mer were added. The sample was allowed to equilibrate at 37°C for 15 min followed by addition of DTT to a final concentration of 10 mM and 25 units of RNase H. Time points were taken at 1, 2 and 4 h. The reaction was quenched by addition of 2.5 volumes of ethanol. Products were separated on a denaturing 10% polyacrylamide gel.

Hydrolysis and T1 ladders
-------------------------

The RNA was incubated in 5 µl of hydrolysis buffer (0.1 M NaHCO~3~, pH 10 and 1 mM EDTA) for 1 min at 95°C. To stop hydrolysis, 5 µl of 2× loading buffer were added and the samples were stored at --80°C until use. Guanosine residues were identified by T1 ribonuclease cleavage under denaturing conditions. The RNA was incubated in 10 µl of 1× T1 Buffer (25 mM sodium citrate, pH 5, 7 M urea and 1 mM EDTA) and 2.5 units/µl of T1 nuclease at 55°C for 10 min. The samples were stored at --80°C if they were not immediately subjected to gel electrophoresis.

RESULTS
=======

The secondary structure of the *E. coli* 5S rRNA was predicted by free energy minimization using the program RNAstructure ([@B34],[@B35]). The output of the program includes the lowest free energy structure and suboptimal structures that are within 10% free energy of the lowest free energy structure. [Figure 2](#F2){ref-type="fig"} shows the phylogenetic structure, and the lowest free energy structure and the four suboptimal structures that were predicted by the program. The five predicted structures were then compared to the phylogenetic (accepted) structure. Interestingly, the phylogenetic structure has the highest free energy value. The lowest free energy structure has only 27% of the base pairs predicted correctly while the suboptimal structures have between 27 and 59%. These percentages are quite low when considering on average the lowest free energy structure predicted by RNAstructure contains 73% of base pairs found in the corresponding phylogenetic structure ([@B35]).

On the basis of the differences in structure, 11 DNA oligonucleotide probes were designed to differentiate between the structures when subjected to an RNase H cleavage assay ([Table 1](#T1){ref-type="table"} and [Figure 2](#F2){ref-type="fig"}). RNase H cleaves the RNA phosphodieser backbone of DNA/RNA hybrids. The DNA oligonucleotide should only bind to regions in the RNA that are single stranded. We assumed that the short DNA probes would be unable to invade paired regions. (This assumption is correct based on experimental results.) The oligonucleotides are complementary to the following nucleotides within the *E. coli* 5S rRNA: 2--8 (designed to bind a paired region in all structures and serves as a negative control), 23--28 (designed to bind the phylogenetic structure, the lowest free energy structure, and suboptimal structure \#1), 26--32 (designed to bind suboptimal structures \#3--5), 34--41 (designed to bind the phylogenetic structure), 38--44 (designed to bind the phylogenetic structure), 42--48 (designed to bind the phylogenetic structure and the lowest free energy structure), 50--54 (designed to bind all structures), 56--60 (designed to bind the phylogenetic structure, the lowest free energy structure and suboptimal structures \#2--4), 70--74 (designed to bind suboptimal structures \#2 and 4), 74--79 (designed to bind the phylogenetic structure and suboptimal structures \#2 and 3) and 97--102 (designed to bind all structures except suboptimal structure \#4).

The DNA oligonucleotides were incubated individually with the *E. coli* 5S rRNA in order to determine which sites are accessible. The RNA was first folded into Form A as described previously ([@B53]) and then incubated with a DNA probe for 15 min at 37°C prior to addition of RNase H. Cleavage was only observed for three of the oligonucleotides---those that were complementary to nucleotides 34--41, 38--44 and 42--48 ([Figure 3](#F3){ref-type="fig"}). Positions where cleavage occurred were entered as single-stranded constraints in secondary structure prediction by the RNAstructure program. This afforded only one structure, the phylogenetic structure; there were no other structures predicted within 10% free energy. Figure 3.Representative gel autoradiogram of RNase H cleavage experiments to identify single-stranded regions in *E. coli* 5S rRNA. The numbers above the lanes indicate to which nucleotides in the RNA the oligonucleotide probe is complementary.

The same RNase H cleavage assay was then used to determine if randomized DNA oligonucleotides can be used to generate secondary structure prediction constraints. The 5S rRNA was incubated with DNA libraries containing all possible 5-mers (1024 unique probes), 6-mers (4096 unique probes) or 7-mers (16 384 unique probes). A sufficiently high concentration of DNA library was used to ensure that all library members were present at a final concentration of ≥200 nM. All three lengths of randomized DNA probes identified four regions accessible to binding and subsequent RNase H cleavage ([Figure 3](#F3){ref-type="fig"}). These regions correspond to nucleotides 26--27 (Loop B), 36--37 (Loop C), 41--44 (Loop C) and 46--48 (Loop C), and are similar to those identified using single DNA sequences. Each is consistent with the phylogenetic structure. As for the single sequences, the positions of RNase H cleavage were used as single-stranded constraints for secondary structure prediction, resulting in the phylogenetic structure.

Cleavage was not observed in Loops A, D or E. For Loop E, this is consistent with the absence of cleavage for the single sequences complementary to nucleotides 74--79 and 97--102. The lack of cleavage in Loop E is consistent with another study that used nucleases to determine the secondary structure of *E. coli* 5S rRNA ([@B55]). In that study, only one nucleotide in Loop E (U77) was subject to cleavage by Nuclease S1. In fact, another nucleotide in the loop (G100) was cleaved by the double-stranded Nuclease V1 (cobra venom nuclease). A crystal structure of Loop E has been solved and revealed that Loop E is a highly structured loop containing non-canonical pairs ([@B56]). Likewise, cleavage may not be observed in Loop A as nucleotides 11 and 12 are subjected to cleavage by Nuclease V1 although Nuclease S1 does cleave nucleotides 13--16 ([@B55]). Loop D is only a three nucleotide hairpin. The stem of this hairpin contains eight base pairs; the four pairs immediately adjacent to the hairpin are GC. Such a helix is likely difficult to invade with a DNA oligonucleotide.

The OligoWalk program ([@B47],[@B48]) was then used to determine if RNase H cleavage correlates with accessibility of the corresponding site in the RNA as indicated by the Δ*G*°~binding~ value. It was expected that the more negative the value of Δ*G*°~binding~, the more likely RNase H cleavage is. Large positive values for Δ*G*°~binding~ should indicate a region where oligonucleotide binding would be unlikely. These results are summarized in [Table 1](#T1){ref-type="table"}. When individual sequences are used, cleavage is only observed if Δ*G*°~binding~ was --4.7 kcal/mol or less, even if the region is predicted to be single stranded. The randomized oligonucleotides were able to induce cleavage when Δ*G*°~binding~ was much higher, --0.2 kcal/mol (probe 23--28). It is interesting that the oligonucleotide that binds in the same region ([@B26; @B27; @B28; @B29; @B30; @B31; @B32]) has a similar Δ*G*°~binding~ (−0.3 kcal/mol) but does not induce cleavage. However, the probe that binds nucleotides 23--28 forms one less base pair than the probe that binds nucleotides 26--32. It should be noted that 23--28 binds to four single-stranded nucleotides while 26--32 only binds two.

The secondary structure of yeast tRNA^Phe^ ([Figure 4](#F4){ref-type="fig"}) was also predicted using the RNAstructure program. In contrast to the *E. coli* 5S rRNA, tRNA^Phe^ is well predicted with 95% of the base pairs in the phylogenetic structure present in the lowest free energy structure. The only difference between the phylogenetic structure and the lowest free energy structure is the formation of the U7--A66 base pair, which is not predicted by RNAstructure to form. Suboptimal structures \#2, \#3 and \#4 contain 57, 76 and 29% of the base pairs in the phylogenetic structure, respectively ([Figure 4](#F4){ref-type="fig"}). This RNA provides a test case to ensure that addition of constraints generated by RNase H cleavage does not negatively affect secondary structure prediction. Figure 4.Phylogenetic secondary structure and three predicted suboptimal structures of yeast tRNA^Phe^. The lowest free energy structure has 95% of the base pairs predicted correctly. Base paired regions that are predicted correctly in the suboptimal structures are shaded. Nucleotides cleaved by RNase H after 1 or 2 h incubation are circled. D denotes dihydrouracil while Y denotes wybutosine.

RNase H cleavage was observed for yeast tRNA^Phe^ at the following nucleotides after a 1 or 2 h incubation when a DNA library of 5-mers was used ([Figure 5](#F5){ref-type="fig"}): 18--21 (D-loop), 34--36 (anticodon-loop), 45 and 48 (multibranch loop) 56 and 58--59 (TΨC loop). These positions were then used as single-stranded constraints on secondary structure prediction. Interestingly, only one secondary structure was predicted---the lowest free energy structure, which has 95% of the base pairs predicted correctly. Although constraints do not improve prediction, importantly they do not decrease accuracy. It should be noted that cleavage at nucleotide C49 is also observed after a 4 h incubation period. This nucleotide forms a terminal GC pair (flanking the multibranch loop) and cleavage at this position was not expected. When included as a single-stranded restraint, only one structure is predicted. This structure is similar to the lowest free energy structure predicted without the use of experimental constraints except that the C49--G65 and the U51--A64 pairs are not predicted to form. Cleavage at this position could indicate that the structure of the terminal base pair is dynamic. Figure 5.Representative gel autoradiogram of RNase H cleavage experiments to identify single-stranded regions in yeast tRNA^Phe^ with randomized 5-mer oligonucleotides.

As in the analysis of the position of RNase H cleavage for the *E. coli* 5S rRNA, the OligoWalk program was also used to estimate the Δ*G*°~binding~ of oligonucleotides that induce cleavage in yeast tRNA^Phe^. As summarized in [Table 2](#T2){ref-type="table"}, these values are generally consistent with the phylogenetic structure. That is, if the position where cleavage is induced is assumed to be the middle nucleotide of the oligomer, most have negative Δ*G*° values. There are exceptions, however: the oligonucleotides where positions A21, C48 and U59 are the middle nucleotide. These oligonucleotides have Δ*G*°~binding~ values of 2.0, 2.1 and 0.5 kcal/mol, respectively. These nucleotides are at or near the termini of helices. RNase H cleavage at the termini of helices has been observed previously in yeast tRNA^asp^ ([@B38]). This suggests that loop dynamics, stacking of dangling ends ([@B57]) or coaxial stacking ([@B58]) could be important determinants of the sites accessible for binding DNA oligonucleotides ([@B59]).

DISCUSSION
==========

The function of an RNA is intimately linked with its structure. Thus, having a reasonable estimate of RNA structure is important for understanding or predicting its function. Accurate structure prediction can be afforded by phylogenetic comparison if many related sequences are known. However, there are many cases in which a large data set is not available. In these cases, RNA secondary structure can be estimated via free energy minimization ([@B35]). The accuracy of secondary structure prediction can be improved if experimental constraints are used ([@B35]).

Many biochemical methods have been developed in order to gain insight into RNA secondary and tertiary structure including enzymatic mapping and chemical modification ([@B60]), equilibrium dialysis with short DNA oligonucleotides ([@B61; @B62; @B63]) and microarrays ([@B54],[@B64],[@B65]). One potential problem using enzymes is that some require 'non-biological' conditions that can affect RNA structure. For example, the optimal pH range for many nucleases specific for single-stranded regions is 4--5 or 9--10 ([@B66]). It is likely that a 2---3 unit pH difference (from pH 7) could cause the RNA to fold differently as the pK~a~\'s of some functional groups present in RNA bases can be in this range ([@B67]). Perturbations of RNA structures due to pH changes have been observed in the Hepatitis δ virus ([@B68]) and *E. coli* RNase P RNA ([@B18]). Many single-stranded nucleases, such as S1, Mung Bean and the single-stranded nucleases from *Neurospora crassa* and *Schizopyllum commune*, also require divalent transition metal ions such Zn^2+^ or Co^2+^ ([@B66],[@B69]), which can also affect folding. In contrast, RNase H has optimal activity at pH 7.5--9.1, 100 mM monovalent metal ions, and 2--4 mM MgCl~2~, which are physiological ([@B37]).

Numerous methods have been developed to identify accessible binding sites using DNA oligonucleotides and RNase H cleavage ([@B38; @B39; @B40; @B41; @B42; @B43; @B44; @B45]). For example, a 2′-*O*-methyl RNA--DNA chimeric library of 11-mers and RNase H cleavage ([@B43]) have been used to identify accessible sites in the human multidrug resistance-1 mRNA ([@B43]) and the Hepatitis C Virus (HCV) RNA ([@B40],[@B70],[@B71]). Other studies have used accessible binding sites identified by RNase H cleavage to design effective antisense agents ([@B42]), tethered oligonucleotide probes to disrupt RNA--protein interactions ([@B44]) and ribozymes ([@B41]). The positions of cleavage were not used as constraints in RNA secondary structure prediction in any of these cases.

Equilibrium dialysis was used to study the binding of a library of 46 RNA trimers and 57 RNA tetramers to the *E. coli* 5S rRNA, all of which were fully complementary to the RNA sequence ([@B61]). The trimers and tetramers that bound the 5S rRNA and are consistent with the phylogenetic structure were complementary to nucleotides 11--14, 39--49, 68--70, 79--81 and 95--98. The probe complementary to nucleotides 68--70 is also complementary to nucleotides 17--19 and 61--63. Thus, although the sequence of accessible binding sites can be determined, the exact region in the structure to which a probe is binding cannot always be inferred due to the presence of multiple potential binding sites within the target RNA. The method reported herein can alleviate the problem of sequence degeneracy since the binding site is determined by RNase H cleavage.

A library of 7-mers has also been used to interrogate the structure of *E. coli* 5S rRNA via microarray ([@B54]). In these studies, every possible 2′-*O*-methyl 7-mer that could bind the target RNA (114 unique probes) was individually synthesized with a 5′-amino group and immobilized onto microarrays. The arrays were then hybridized with radioactively labeled RNA. In good agreement with the results present in this report, strong binding was observed to probes complementary to nucleotides: 24--30, 25--31, 26--32, 33--39 and 34--40. Medium binding was observed to probes complementary to nucleotides 27--33, 32--38, 35--41, 37--43, 38--44 and 41--47. It should also be noted that the sequence degeneracy problem present in the equilibrium dialysis studies also occurs with microarray methods. For example, the 7-mer probe that binds to nucleotides 35--41 can also bind to nucleotides 90--96 and the probe that binds to nucleotides 36--42 can also bind to nucleotides 91--97. Thus, our results are comparable to the microarray studies except that the binding sites for probes that have the potential to bind multiple regions within the RNA can be deconvoluted.

Binding of oligonucleotides to tRNAs has been studied by equilibrium dialysis ([@B62],[@B63]), microarray ([@B59],[@B72]) and RNase H cleavage ([@B38]). All revealed that there are four accessible sites in tRNAs---the acceptor arm, the anticodon-loop, the D-loop and variable-length region. Two different studies used microarrays to identifying accessible binding sites in yeast tRNA^Phe^ ([@B59],[@B72]). The binding patterns were similar despite the differences in the oligonucleotides used. The study reported by Mir and Southern used DNA oligonucleotides ranging in length from monomers to 12-mers ([@B59]), while the study reported by Jenek and Kierzek used isoenergetic LNA/2′-*O*-methyl 7-mers ([@B72]). Consistent with the data reported herein, binding was observed for oligonucleotides complementary to the D-loop, the variable loop/TΨC stem and the anticodon-loop. Binding was also observed to the double-stranded acceptor stem. This could be in part due to the concentration of salt in the buffers (1 M NaCl) or to the high local concentration of oligonucleotide immobilized on the array surface. Accessible binding sites in a related tRNA (yeast tRNA^Asp^) were also determined using RNase H cleavage and a semi-randomized DNA library. This library was generated by digesting the corresponding DNA template with DNase I. In good agreement with this report, strong cleavage sites were observed at nucleotides A21 (end of the D-loop), U35 (middle of the anticodon-loop), C56 (middle of the TΨC loop) and G73 (single-stranded region of acceptor stem).

Not all single-stranded regions in the *E. coli* 5S rRNA and yeast tRNA^Phe^ were identified using this method. This is perhaps not unexpected based on previous reports in which the RNAs were probed for binding to libraries of oligonucleotides in solution ([@B61]) or displayed on a microarray surface ([@B54],[@B59],[@B72]). Important factors in oligonucleotide hybridization are the base composition ([@B73]), stacking at helix termini (dangling ends) ([@B57]) and coaxial stacking ([@B58]) among others. Coaxial stacking has been observed for both RNAs ([@B74; @B75; @B76; @B77]). Cleavage was also observed at longer incubation times (4 h) for one nucleotide that is not single stranded in the phylogenetic structure of yeast tRNA^Phe^, C49. Although this did not significantly affect secondary structure prediction accuracy, it is important to consider the relative amount of cleavage (weak or strong) and the incubation time required for RNase H cleavage to be observed.

Using the binding of randomized oligonucleotides and subsequent cleavage by RNase H to identify single-stranded regions is advantageous in many regards. For example, RNase H is active under conditions that are considered to mimic cellular pH and ionic strength. The randomized oligonucleotides can be used to map accessible sites in any RNA and does not require the individual syntheses of every possible DNA that might bind to the RNA of interest. The method is relatively fast and does not require specialized instrumentation such as an arrayer or microarray scanner. The instrumentation required for the RNase H method is common to most biochemistry laboratories.

Previous methods used to identify accessible sites in RNAs such as equilibrium dialysis ([@B61; @B62; @B63]) and microarrays ([@B54],[@B64]) are able to determine which probes bind but they are not able to determine to which nucleotides. As mentioned previously, this can be problematic if a probe is complementary to more than one site as previously observed for the *E. coli* 5S rRNA using these methods ([@B54],[@B61]). The RNase H method, however, also determines the binding site mitigating the inability to deconvolute sequence degeneracy.

Importantly, our method combines RNase H mapping with secondary structure prediction to improve prediction of both poorly predicted RNAs and to eliminate less accurate suboptimal structures from well predicted ones. As reported by other groups, the method can also be used to identify accessible sites for therapeutic intervention by oligonucleotides (antisense or RNA interference approaches) or small molecules. The use of a DNA library instead of designed sequences removes potential biases and prevents accessible sites not predicted by secondary structure prediction programs or programs that predict the stability of oligonucleotide binding from being overlooked. It is also likely that this approach can be applied to RNA folding studies. Previously, RNase H cleavage using single sequences has been used to study the folding of the *Tetrahymena thermophila* ribozyme ([@B46]) and the *E. coli* and *Bacillus subtilis* RNase P RNAs ([@B20]). By using randomized oligonucleotides in the form of DNA libraries, perhaps a clearer picture of RNA folding could be elucidated.
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[^1]: 'Binding site' indicates the nucleotides in the *E. coli* 5S rRNA to which the oligonucleotide probe is complementary. All Δ*G*°~binding~ values were generated using the OligoWalk program in 'break local' structure mode. Observation of RNase H cleavage is indicated for each oligonucleotide.

[^2]: The Δ*G*°~binding~ values are for the oligonucleotides in which the nucleotide where cleavage occurs is the middle nucleotide of the resulting duplex.
